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Poly(N-isopropyl acrylamide) (pNIPAM) is a “smart” polymer that responds to changes in altering

temperature near physiologically relevant temperatures, changing its relative hydrophobicity.

Mammalian cells attach to pNIPAM at 37 �C and detach spontaneously as a confluent sheet when

the temperature is shifted below the lower critical solution temperature (�32 �C). A variety of

methods have been used to create pNIPAM films, including plasma polymerization, self-assembled

monolayers, and electron beam ionization. However, detachment of confluent cell sheets from these

pNIPAM films can take well over an hour to achieve potentially impacting cellular behavior. In

this work, pNIPAM mats were prepared via electrospinning (i.e., espNIPAM) by a previously

described technique that the authors optimized for cell attachment and rapid cell detachment.

Several electrospinning parameters were varied (needle gauge, collection time, and molecular

weight of the polymer) to determine the optimum parameters. The espNIPAM mats were then char-

acterized using Fourier-transform infrared, x-ray photoelectron spectroscopy, and scanning electron

microscopy. The espNIPAM mats showing the most promise were seeded with mammalian cells

from standard cell lines (MC3T3-E1) as well as cancerous tumor (EMT6) cells. Once confluent, the

temperature of the cells and mats was changed to �25 �C, resulting in the extremely rapid swelling

of the mats. The authors find that espNIPAM mats fabricated using small, dense fibers made of

high molecular weight pNIPAM are extremely well-suited as a rapid release method for cell sheet

harvesting. VC 2017 American Vacuum Society. [http://dx.doi.org/10.1116/1.4984933]

I. INTRODUCTION

Stimuli responsive polymers (SRPs), or smartpolymers,

are polymers that can respond to changes in physical or

chemical conditions by altering their properties such as

shape, permeability, hydrophobicity, or color.1 They have

been employed by the biomedical community for many dif-

ferent uses including drug delivery,2 tissue engineering,3,4

and biosensing.5 One such polymer, poly(N-isopropyl acryl-

amide) (pNIPAM or pNIPAAM), has multiple biomedical

applications including drug delivery, tissue engineering, and

gene delivery.6 pNIPAM has a unique characteristic of being

a SRP that is thermoresponsive near physiologically relevant

temperatures. Specifically at 37 �C, the polymer is relatively

hydrophobic, and mammalian cells will readily adhere on a

substrate coated with it. By decreasing the temperature

below its lower critical solution temperature (LCST) to room

temperature, the polymer becomes relatively more hydro-

philic. The polymer then swells, and adhered cells detach

spontaneously as a confluent cell sheet.7–9

Many deposition methods for pNIPAM have been

explored for use in mammalian cell culture and harvest.

Depending on the application of the cells involved, the

method used to deposit the pNIPAM film may be altered to

achieve the desired properties such as producing cell

sheets.10,11 To study interactions of bacteria with pNIPAM,

many groups have used self-assembled monolayers of

NIPAM.12–16 For tissue engineering applications, pNIPAM

hydrogels have been fabricated by atom transfer radical

polymerization.17

Although each of these methods produce uniform results,

pNIPAM is most efficiently and reproducibly used with flat

substrates, such as glass slides.7,11,18 Furthermore, the above
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techniques are dependent on using substrates with a specific

surface chemistry, like glass or gold, to initiate deposition.11

pNIPAM has also been previously spin-coated onto flat sur-

faces; however, this method can leave some areas of

pNIPAM not crosslinked and, therefore, cytotoxic to

cells.11,19 In addition, many of these techniques have rela-

tively slow detachment of cell sheets from pNIPAM sub-

strates.7,18 For instance, it has been reported to take up to

60 min for cell sheets to detach from a substrate.20 This slow

release is likely due to the limited access of hydrating water

to flat 2D films, such as pNIPAM-treated Petri dishes, which

results in slow swelling of the film at LCST. During these

slow release times from their cell culture substrates, the cells

are subjected to temperatures below their normal physiologi-

cal temperatures, which may alter their behavior prior to

downstream use.

It has been demonstrated that there are two methods to

overcome the slow kinetics of release: (1) to provide a sur-

face that has a high surface area to volume ratio (such as

hydrogels and porous substrates) or (2) to increase the hydro-

philicity of the polymer through the use of a copolymer.21

To increase the surface area to volume ratio, hydrogels can

be produced. Hydrogels have a larger surface area exposed

to the surrounding medium rather than tethered films, allow-

ing them to swell rapidly upon temperature shifts.22,23

pNIPAM can also be copolymerized with polyethylene gly-

col to accelerate the hydration of hydrophilic pNIPAM

chains, resulting in cell sheets that can be released in 20 min

for tissue engineering applications.21

Electrospinning produces fibrous mats on the nano- to

micron-size scale, which have a high surface area to volume

ratio. This technique has shown great promise in artificial

tissue production,24 dental fillers,25 textiles in wound care,26

and drug delivery.27 Many polymers, both natural and syn-

thetic, have been electrospun for use as biomaterials.28–31

Okuzaki et al. have described the ability to fabricate ther-

moresponsive mats using pNIPAM; however, they focused

purely on the material specifications and not on the potential

utility of these mats for cell culture applications.32

In this work, an alternative method for the formation of

highly porous pNIPAM materials for rapid cell release was

explored. Rather than treating a porous membrane with

pNIPAM (which relies on the derivatization of a relatively

nonreactive paper-based material with pNIPAM), porous

mats composed entirely of pNIPAM via electrospinning

(espNIPAM) were fabricated for the rapid release of mam-

malian cells. Using an electrospinning device that was built

in house,28,29 the production of espNIPAM mats was adapted

and optimized for mammalian cell culture and rapid release

of cell sheets.33 To optimize pNIPAM for mammalian cell

culture applications, we varied characteristics such as the

molecular weight (MW) of the pNIPAM powder used, the

gauge of the needle used, and the collection time (reflective

of the resulting density of fibers).33 Prior to their use for cell

culture, the mats’ chemistry, thermoresponse, and topogra-

phy/morphology were assessed using scanning electron

microscopy (SEM), Fourier-transform infrared spectroscopy

(FTIR), x-ray photoelectron spectroscopy (XPS), and optical

and fluorescence microscopy. Subsequent to material charac-

terization, the biocompatibility of the espNIPAM mats used

for cell culture was assessed using Live/Dead and

CellTracker assays, as well as detachment and readhesion

studies. Two cell types were used for this assay: MC3T3-E1

cells (standard for biomaterial studies) and EMT6 cells

(derived from cancerous tumors and used as tumor mod-

els).34 We found that dense mats fabricated from smaller

fibers of high molecular weight (HMW) pNIPAM yielded

the best thermoresponse, biocompatibility, and stability in

culture, as well as the most rapid release of confluent cell

sheets capable of use in tissue engineering and cancer cell

biology applications.

II. MATERIALS AND METHODS

A. Materials

All chemicals were used as received from suppliers.

Poly(N-isopropyl acrylamide) (pNIPAM) of molecular

weights 40 000 and 300 000 Da was purchased from PolySci,

Inc (Warrington, PA) and Scientific Polymers (Ontario,

NY), respectively. Methanol (MeOH), ACS grade, was pur-

chased from Fisher (Pittsburgh, PA). Standard fetal bovine

serum, trypsin (0.25% 1� solution, 2.5 g porcine trypsin),

penicillin/streptomycin solution (10 000 units/ml penicillin;

10 000 units/ml streptomycin), and a-MEM modified media

were purchased from ThermoScientific HyClone (Logan,

UT). MC3T3-E1 cells were purchased from ATCC
VR

(Manassas, VA). EMT6 cells were a generous gift from

James Freyer. LIVE/DEAD
VR

for mammalian cells and

CellTrackerTM Green 5-chloromethylfluorescein diacetate

were purchased from Invitrogen (Carlsbad, CA) and used in

accordance with manufacturer’s protocol. Translucent vac-

uum grease used to attach substrates to surfaces was

obtained from Dow Corning (Midland, MI).

B. General procedure for electrospinning

All polymer solutions were delivered at a constant rate via

a New Era NE300 “Just Infusion” syringe pump (Farmingdale,

NY) through a syringe fitted with a stainless steel blunt tip nee-

dle (18 g ID¼ 0.838 mm, 21 g ID¼ 0.514 mm, and 30 g

ID¼ 0.159 mm) (Small Parts, Inc.) (Logansport, IN). The nee-

dle was charged through a high voltage supply (Glassman

High Voltage, Inc. Series EL, 40–45 Watt Regulated, High

Voltage DC Power, High Bridge, NJ), and the resulting poly-

mer fibers were collected on a grounded target (6 � 6 in.2 Cu

plate fitted with Al foil).

C. Electrospinning LMW and HMW pNIPAM

A 5 ml plastic syringe [inner diameter (ID)¼ 9.42 mm]

equipped with a stainless steel blunt tip needle (18, 21, or

30 g) was used to deliver solutions of polymer dissolved in

methanol (MeOH) (10 and 20 wt. %) at a volumetric flow

rate of 3.5 ml/h and a voltage difference of 1 kV/cm from the

needle tip to the collection plate. The grounded Cu collection
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plate was fitted with aluminum foil. Upon spinning, the foil

containing the newly spun mat was removed and mats were

removed from the Cu target and dried in vacuo overnight, to

ensure the removal of any residual MeOH.

D. Scanning electron microscopy

SEM analysis was performed using a Zeiss Supra 55VP

Field Emission Gun SEM (Peabody, MA). The samples were

sputter coated with AuPd in an Edwards S150B sputter

coater (Crawley, West Sussex, UK) for 12 s. Imaging was

performed with an acceleration voltage using SmartSEM

software provided by Zeiss (Peabody, MA). Image analysis

utilized IMAGE J (NIH) (Bethesda, MD) to determine the

diameter of fibers in the mats.

E. X-ray photoelectron spectroscopy

XPS survey and high resolution spectra were obtained at

the University of Washing using a Kratos Axis Ultra spec-

trometer (Chestnut Ridge, NY) with a monochromatic Al Ka
(1486.6 eV) source at 225 W. High-resolution spectra of car-

bon and oxygen were obtained (n¼ 5) for low molecular

weight (LMW) and HMW espNIPAM mats. Survey spectra

were obtained at a pass energy of 80 eV and high-resolution

spectra at a pass energy of 20 eV. The base pressure was less

than 5� 10�9 Torr. Charge compensation was accomplished

using low energy electrons. Linear background was used for

elemental quantification of C1s.

CASAXPS software (Manchester, UK) was used to analyze

data. Core-level spectral peaks were fitted using the mini-

mum number of peaks possible to obtain random residuals.

A 70% Gaussian/30% Lorentzian line shape was used to fit

the peaks, and a linear function was used to model the

background.

F. Fourier transform infrared

Sample preparation for pNIPAM included making a

1 mg/ml solution in methanol (MeOH) and drop casting

the solution on a KBr plate (Aldrich) (St. Louis, MO), and

for electrospun mats (espNIPAM), the spectra were

recorded as spun (neat). FTIR data were obtained using a

NicoletTM 6700 FTIR (Thermo Electron Corporation)

(Waltham, MA) equipped with a continuum microscope.

OMNICTM software (ThermoScientific) (Waltham, MA)

parameters included selecting a transmission ESP acces-

sory, a detector (DTGS KBr) and a beamsplitter (XT-KBr)

(Waltham, MA).

Data were collected for 64 scans at a resolution of 4, from

400 to 4000 cm�1. Spectra were exported as an .asc file and

analyzed in Excel (Microsoft Corp.) (Redmond, WA). All

spectra were normalized to the C¼O stretching at 1640 cm�1.

G. Thermoresponse

The thermoresponse of the mats was tested using a CO2

microscope stage incubator from Okolab (Naples, Italy).

Using the OKOLAB software, the temperature of the stage

incubator was held constant at temperatures ranging from 26

to 40 �C. Within the incubator, mats were exposed to DI

water and observed using a light microscope (Nikon F100,

Melville, NY) equipped with a 10� objective.

H. Cell culture

Mammalian cell culture of murine osteoblastic cell line

MC3T3-E1 cells and EMT6 cells followed techniques we

previously established for mammalian cell culture on plasma

polymerized NIPAM.7,9,32 Briefly, the cells were cultured in

T-75 tissue cultured polystyrene (TCPS) flasks using a-

MEM modified (MC3T3-E1) or DMEM (BAECs) media

supplemented with 10% (v/v) fetal bovine serum and 1%

(v/v) penicillin/streptomycin, at 37 �C and 5% CO2 with a

relative humidity of 95%. Once cells were 70%–90% conflu-

ent, they were lifted using trypsin for seeding.

I. Cytotoxicity of pNIPAM

Cytotoxicity tests are used to determine if components from

the pNIPAM surface are leaching into the medium. In this

case, espNIPAM mats were submerged in the normal growth

medium for 24 h and incubated at cell growth conditions. The

treated medium was then collected. Simultaneously, cells were

grown at normal conditions until �60% confluent. The

medium on these cells was replaced with 100%, 10%, 1%, and

0% treated media. The cells were then cultured for another 24

h in the treated medium to determine if anything leached from

the substrate that could impart cytotoxicity to the cultured

cells.33 Cell viability was determined using a commercial

LIVE/DEAD for mammalian cell fluorescence assay from

Invitrogen. To verify the results, live controls (0% treated

media) and dead controls (incubated in 0% treated media, fol-

lowed by incubation in 70% methanol for 1 h) were used for

comparison.

J. Staining of cells

Prior to use, the stock solution of CellTracker was thawed

and a 25 lm solution in serum free media is prepared. This

solution replaced the media in the flask of confluent cells.

The probe was incubated with the cells at cell culture condi-

tions for 60 min and then replaced with normal growth media

for 30 min. The cells were then rinsed with DPBS and

harvested.

K. Transfer of harvested cells

To determine whether the espNIPAM mats formulated

under the different conditions were thermoresponsive, cells

were reversibly adhered using a slight variation of a previ-

ously described technique.7 Briefly, cells were cultured to

confluence (�4 days). The medium was removed and

replaced with serum-free media at 4 �C to begin cell release.

A poly(vinylidene fluoride) (PVDF) membrane from

Millipore (Billerica, MA) was used as a superstrate to aid in

the transfer of cells.35 The medium was removed until there

was only a thin film on the cells. A sheet of PVDF was laid
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on top of the cell sheet, and the plate was incubated at 37 �C
for 30 min, to allow the cells to attach to the PVDF. Serum-

free media at 4 �C were added to each well since a previous

investigation indicated that this facilitated the fastest release

from pNIPAM.7 The culture plate was then placed on a

shaker platform for 30 min, at which point the PVDF was

slowly peeled from the substrate with the cells, and moved

to a new TCPS well. After 30 min of incubation at 37 �C, the

PVDF was carefully peeled away from the cells. Cells were

monitored for 24 h.

III. RESULTS

A. Preparation of mats

It was previously demonstrated that fibrous mats of

pNIPAM could be electrospun.18 In that work, the fabrica-

tion process of espNIPAM was the focus of the project using

a singular set of parameters (polymer concentration versus

voltage). In the current work, we optimized this technique to

create espNIPAM mats for mammalian cell culture by adapt-

ing a number of conditions including: MW, needle gauge

FIG. 1. SEM images of espNIPAM mats spun for 5 (left) or 10 (right) min, using a 15 (bottom), 21 (middle), or 30 (top) gauge needle. Scale bars are 100 lm

for the unmagnified images and 2 lm for the inset magnified images.
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size, and mat collection time. These parameters were chosen

as they have been shown to affect the mat density and the

fiber size, which are important considerations when using

the mats for cell culture.33 Previous work with pNIPAM

electrospun mats has primarily used pNIPAM with copoly-

mers as a thermoresponsive drug delivery system36–40 with

few studies examining espNIPAM’s capability for mamma-

lian cell culture and cell sheet production.41

We found that uniform, “dog bone”-shaped fibers with a

diameter of <1 lm were generated from each of the varia-

tions in the technique, as shown in the SEM images (see Fig.

1). In particular, there appeared to be no statistical difference

in the fiber diameter regardless of the needle gauge. Fiber

diameters resulting from 18, 21, and 30 needle gauge diame-

ters, as measured using IMAGE J from SEM images, indicate

that neither the gauge size nor the density of fibers (as con-

trolled by collection time) significantly affects the fiber diam-

eter. The fiber diameters range from 0.9 to 1.15 lm 6 0.5.

However, the mat thickness was found to depend linearly on

the collection time: by increasing collection time from 5 to

10 min, the mat thickness increased from 12 to 24 lm.

B. Chemical composition of mats

To ensure that the espNIPAM fibers had the same chemis-

try as their powdered pNIPAM precursor, FTIR and XPS

were performed on each of the LMW and HMW powder, as

well as on the spun mat (see Fig. 2). The close observation

of FTIR spectra generated from the three samples shows that

the characteristic functional groups of pNIPAM are present

in all the three samples. For instance, C¼O stretching at

�1645 cm�1, CH3 asymmetric stretching at �2970 cm�1,

and N-H stretching at �3301 cm�1 are present in all three

spectra (indicated by peaks with red stars).42 A difference in

the three spectra is the relatively high background noise of

the espNIPAM mat, which can be attributed to the thickness

of the sample. These results indicate that the bulk of the

espNIPAM mats’ chemistry closely resembles that of its

powdered pNIPAM precursor, and thus, the processing of

the mats has not significantly altered the resulting chemistry.

To confirm the chemistry of the espNIPAM mats, they

were also analyzed using XPS. As the size of the fibers gen-

erated using each of the needles is on the order of a micron,

it is well below the resolution of the XPS;9 therefore, the

mats generated using different needle sizes were not studied

using this technique. As shown in Table I and Fig. 3, the

mats generated from HMW pNIPAM were 78.6% C, 11.3%

N, and 10.1% O, whereas mats generated from LMW

pNIPAM were 79.0% C, 10.2% N, and 10.8% O. These

results are within the experimental error of the instrument

(�2%–5%)9,17 and are consistent with the structure pre-

dicted by the stoichiometry of the NIPAM monomer (75%

C, 12.5% O, and 12.5% N).9 In addition, these results are

consistent with pNIPAM mats created from other standard

deposition techniques (such as plasma polymerization) that

yield thermoresponsive substrates capable of supporting

reversible cell adhesion.18,19,43–46 Observation of the high

resolution C1s spectra further confirms that the electrospun

mats have the same chemical species as pNIPAM, including

hydrocarbon (at 285 eV), as well as equal amounts of amine

and amide characteristics (at þ1.5 and 3.0 eV), further con-

firming that the electrospinning process has not altered the

polymer (see Fig. 3).

C. Thermoresponse of mats

Having established that espNIPAM mats generated from

HMW and LMW pNIPAM retained the proper chemistry,

they were tested to ensure that thermoresponsive characteris-

tics were retained. As the topography of the mats varies

widely due to the overlapping fibers that make up the mat,

contact angle goniometry was not a suitable technique for the

observation of the mats’ thermoresponse. Instead, the mats

were held stable at temperatures ranging from 40 to 26 �C
and imaged using an inverted optical microscope (see Fig. 4).

It was found that the mats created from LMW pNIPAM were

FIG. 2. FTIR spectra of HMW (small dashed lines) and LMW (large dashed

lines) pNIPAM powders as well as a HMW espNIPAM mat (solid line). All

samples have the expected stretches characteristic of pNIPAM, as previ-

ously reported by Pan et al.

FIG. 3. High resolution C1s spectra of low (top) and high (bottom) molecular

weight espNIPAM mats. Amide (O¼CN; 288 eV) and amine (CN; 286 eV)

peaks characteristic of pNIPAM are present in both formulations.
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not stable, dissolving immediately in water. Such behavior

would render mats created from LMW pNIPAM useless for

cell culture, which is dependent upon aqueous media.

However, the mats formed from the HMW pNIPAM were

stable in the solution and demonstrated reversible thermores-

ponses [see Fig. 4(b) as well as a video in the supplementary

material].56 Upon hydration above the LCST (�31 �C), the

HMW espNIPAM mats originally collapsed but rapidly

(within 5 min) swelled when the temperature shifted below

the LCST. These results indicate that the HMW espNIPAM

mats are more useful for reversible cell attachment.

D. Cytotoxicity of espNIPAM

There are conflicting claims in the literature as to whether

the method used to fabricate pNIPAM substrates influences

their resulting biocompatibility.11,47–50 We recently demon-

strated that although the NIPAM monomer is cytotoxic, the

primary techniques used to create pNIPAM mats are stable

and nontoxic.19 To be diligent, the espNIPAM mats gener-

ated were assessed for their potential cytotoxicity (or biocom-

patibility). This process includes incubating the mat in

normal growth media at cell culture conditions for 24 h in

order to identify whether there are any substances that may

leach into the media, interfering with cell viability and prolif-

eration.19 These treated media replace media on cells that are

�60% confluent. After 24 h of exposure to the treated media,

cells exposed to HMW pNIPAM remained 99% viable and

proliferated [see Fig. 5(b)]. In contrast, those cells that were

exposed to LMW were no longer viable, as evidenced by the

red color when imaged [see Fig. 5(a)]. From these results, we

conclude that the HMW mats are not toxic to the cells and

can be used for rapid cell detachment experiments.

E. Cell response/detachment

Since their introduction in the mid-1990s for use in cul-

turing mammalian cells, over 60 different cell lines have

appeared in the literature on pNIPAM substrates. For this

study, EMT6 and MC3T3-E1 were chosen. MC3T3-E1

(3T3) cells are standard for biomaterial studies and have

been successfully detached from pNIPAM in the previous

literature;51 EMT6 cells are tumor-derived (cancerous),

which have also been used in previous studies using

pNIPAM.52 Both cells show no adverse reaction to the poly-

mer and have been used for tumor models.34

Initially, cells were seeded onto the mats at a high ratio

(100 000 cells/well for 3T3s and 50 000 cells/well for

EMT6) to ensure cell attachment and rapid cell proliferation.

As it was extremely difficult to visualize the cells on the

mats in their collapsed (i.e., opaque) state, the observation of

cellular behavior was achieved using fluorescence micros-

copy (using CellTracker) on the mats 24 h after seeding, as

shown in Fig. 6. The temperature was then shifted below the

LCST by exchanging the media with 4 �C media to deter-

mine if the cells would detach from the mats.

Figure 6 illustrates that, once exposed to temperatures

below the LCST of the polymer, the cells detached from

their espNIPAM mat substrates. Interestingly, although both

the cancerous EMT-6 and noncancerous 3T3 cells readily

FIG. 4. Bright field microscopy images of an espNIPAM mat at the tempera-

tures it is subjected to cycles above and below the LCST. The mat is initially

below the LCST (29 �C, left), collapsing when the temperature changes to

above the LCST (33 �C, middle). When the temperature is lowered below

the LCST again (right), the mat reversibly swells. Asterisks near air bubbles

in the mat are included to provide the point of reference. A video illustrating

this reversible behavior is included in the supplementary material. The scale

bar is 100 lm.

FIG. 5. Fluorescence microscopy images of 3T3 cells stained with LIVE/DEAD after exposure to 100% LMW (a) and HMW (b) treated media for 24 h, as

well as dead (c) and live (d) controls. Cells remain viable when exposed to the HMW polymer, verifying that it is not cytotoxic, whereas the cells exposed to

the LMW polymer are not viable after 24 h. The scale bar is 100 lm.

FIG. 6. Fluorescence microscopy image of 3T3 cells tagged with

CellTracker. This marker allowed imaging of live cells through the opaque

espNIPAM mat. Images of 3T3 cells adhered to HMW espNIPAM mats

were obtained above the LCST (left) and after the cells have detached below

the LCST (right). The scale bar is 100 lm.
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attached to the mats, the noncancerous 3T3 cells attached

but did not form cell “sheets.” It is also interesting to note

that a disparity in the adhesion and proliferation of these cell

types has not been previously observed for other derivatiza-

tion techniques, such as solution deposition and plasma poly-

merization.7,18 This finding is likely due to 3T3’s sensitivity

to contact inhibition of cell division.53 In other NIPAM

deposition techniques, 3T3 only recognizes other 3T3 cells.

With espNIPAM mats, 3T3 may be recognizing espNIPAM

fibers as nearby cells, a concept that will be further studied.

Finally, this method yielded much faster cell release than

many other methods reported in the literature: 80% of the

cells detached within 5 min from the mats when the tempera-

ture was shifted below the LCST (as opposed to 60 min or

several hours).20

Due to their rapid growth, the cancerous EMT6 cells were

used in the remaining experiments to determine which char-

acteristics of the mats would support cell sheet attachment/

detachment. Although it was established using SEM that the

gauge diameter did not change the size distribution of the

resulting fibers within espNIPAM mats (see Table I), the

mats produced using a 30 gauge needle supported cell sheets

more consistently. These results are consistent with previous

work, indicating that dense, small fibers create a mat that has

a lower interfiber distance, thus minimizing cell penetration

into the mat, forming a mat that is perceived by the cells as a

2D substrate, and supporting cell sheet formation.54

F. Cell response/transfer

Having demonstrated that the cell sheets were easily

released in an unassisted manner from espNIPAM mats

generated from HMW pNIPAM (i.e., “popped off”), we

tested the ability to relocate the cell sheet into a new well

using a PVDF superstrate (i.e., “lift off”). To achieve

assisted cell transfer, a PVDF superstrate was attached to

the apical surface of EMT6 cells cultured atop espNIPAM

mats.55 As a negative control, the same procedure was

attempted using a PVDF membrane to transfer replicate

cells cultured atop blank TCPS (no pNIPAM). The temper-

ature was changed below the LCST, and the membranes

were removed from the well, with cells still attached to the

membrane. These cells were relocated into a new TCPS

well, after which the PVDF membrane was removed. The

cells were imaged 24 h after their transfer to assess their

attachment and proliferation.

As shown in Fig. 7, the cells that were detached from the

espNIPAM mats using PVDF readily attached to their new

TCPS substrate. In contrast, the cells that were removed

from the negative control (blank TCPS wells) using PVDF

did not attach to a new culture substrate after 24 h of reloca-

tion. These results are consistent with previous indications

that when cells detached from pNIPAM mats, their ECM

remains intact and promotes the adhesion of the cells to their

new culture substrate.7,43–45 However, those previous studies

employed NIPAM deposition techniques such as plasma

polymerization and electron beam ionization for the fabrica-

tion of pNIPAM mats, which are more expensive to build

and characterize and traditionally require 60 min to achieve

the detachment of similarly sized cell sheets.20

IV. CONCLUSIONS

In this work, we optimized a technique capable of electro-

spinning highly porous, biocompatible, and thermorespon-

sive pNIPAM substrates capable of reversibly adhering

mammalian cells. A number of parameters used during elec-

trospinning were varied (e.g., the collection time, needle

gauge size, and MW of the pNIPAM powder used), and the

resulting espNIPAM mats were characterized using a variety

of techniques to assess their thermoresponse, chemistry, and

biocompatibility. Interestingly, we found that, regardless of

the gauge of the needle used when spinning the mat, similar

fiber distribution was produced. It was demonstrated that

espNIPAM mats generated using this technique retain the

same chemistry as the pNIPAM powder, as well as its

reversibly thermoresponsive behavior near physiologically

relevant temperatures. Although both LMW and HMW

pNIPAM powders were capable of producing espNIPAM

mats, due to concerns over cytotoxicity and complete col-

lapse of LMW espNIPAM mats, only the HMW espNIPAM

mats were appropriate for mammalian cell culture.

Using EMT6 cells, it was shown that small, dense fibers

better supported cell sheet formation and vastly improved

TABLE I. Relative atomic percentages of HMW and low (LMW) espNIPAM

mats as measured by XPS. The theoretical composition of pNIPAM is pro-

vided for comparison. n¼ 5 and standard deviation <1.

Relative atomic %

Formulation C N O

HMW 78.6 11.3 10.1

LMW 79.0 10.2 10.8

Theoretical 75.0 12.5 12.5

FIG. 7. Bright field microscopy image of EMT6 cells that have been trans-

ferred to a new well with PVDF superstrates from thermoresponsive HMW

espNIPAM mats (left) and control TCPS (right). Cells detached from the

espNIPAM mats rapidly adhere to their new culture substrate after being

transferred, as opposed to those from the control substrate. This indicates

that the cells released from HMW espNIPAM mats retained their extracellu-

lar matrix. The scale bar is 100 lm.
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the speed of detachment: an impressive 80% of these cancer-

ous cells detached within 5 min from the mats when the tem-

perature was shifted below the LCST (as opposed to

60 min). This indicates that mats generated using these

parameters will be ideal for cell sheet engineering and can-

cer cell biology studies, as detaching cells will be exposed to

an artificially low temperature for a shorter time frame dur-

ing detachment (which could, in turn, decrease the effect on

cellular processes prior to their analysis downstream).
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